indium-gallium-zinc oxide (IGZO) is one of the most promising oxide semiconductors for thin-film transistors and it has started to replace amorphous silicon in display drivers. However, attempts to use IGZO in resistive random access memories (ReRAMs) are still scarce. This work investigates the bipolar resistive switching properties of crossbar-ReRAM devices based on IGZO thin film. Aluminum bottom electrode and two different top electrodes (i.e., Al and Ag) were tested in the devices. It was discovered that an oxygen plasma treatment (OPT) on the bottom electrode could significantly improve the surface roughness of the bottom electrode, the ON/OFF ratio, and the switching uniformity. After the OPT, the endurance of ReRAMs was enhanced. The ON/OFF current ratios reached ∼10 4 and 10 5 within 100 endurance cycles for Al and Ag top electrode devices, respectively. Furthermore, the ReRAMs memory window remained nearly constant during a retention test of 10 5 s. The conduction mechanisms of the two device structures were examined using Schottky emission and space-charge-limited-current pictures, and the memory effect was explained by the formation and the interruption of filaments.
High-Performance InGaZnO-Based ReRAMs I. INTRODUCTION W ITH a reduction in feature size and increase in integration densities, the miniaturization limit of traditional flash memories is being reached not only because of lithography reasons but also because of physical limitations, such as large leakage currents [1] . This has prompted all major nonvolatile memory manufacturers to seek alternative ways to further increase storage density, such as using three-dimensional (3-D) memory arrays [2] , [3] . Amongst emerging memory technologies, resistive random access memory (ReRAM) devices have significant advantages including high density, stability, high operation speed, and low cost [4] , [5] . ReRAMs also show promising applications in artificial neural computing fields [6] . The resistance switching behavior has been investigated in various oxide-based materials, such as HfO 2 [7] [8] [9] , Al 2 O 3 [10] [11] [12] , Ta 2 O 5 [13] [14] [15] , and ZnO [16] [17] [18] . Amorphous indium-gallium-zinc oxide (IGZO) is one of the most mature channel materials for thin-film transistors (TFTs) because of its high transparency, flexibility, high carrier mobility, and wide range of process temperature [19] [20] [21] [22] . As such, IGZO TFTs have started replacing amorphous-silicon transistors in backplane drivers display [23] , [24] . Our previous work demonstrated that IGZO TFTs are suitable for future wearable and other low-power electronics because of their high yield and low operation voltages [19] , [20] . IGZO films have recently been found to exhibit resistance switching properties [25] [26] [27] [28] [29] . Chang et al. [30] demonstrated an integration of IGZO TFT and ReRAMs to form a one-transistor-oneresistor (1T1R) configuration. Unfortunately, the IGZO-based ReRAMs fabricated at room temperature generally showed a small memory window (i.e., the ON/OFF ratio was mostly between 10 and 10 2 ) [25] [26] [27] [28] [29] . Furthermore, multilevel memory devices have been proposed for 3-D NAND flash [31] , [32] . A sufficiently large memory window is a prerequisite for multilevel storage. Pei et al. [33] showed that inserting a SiO 2 buffer layer into IGZO ReRAM devices can improve the resistive switching ratios. Various treatments of IGZO layers have also been made to improve the performance of ReRAMs, e.g., using ultraviolet (UV) irradiation [26] , microwave irradiation [34] , and element doping [35] . Moreover, the effects of electrode materials on device characteristics have been studied [36] , [37] . Inert metals like platinum (Pt) have been used as the ReRAM electrode, especially as the bottom electrode [5] , [17] , [18] , [37] .
In this paper, high-performance ReRAMs with bipolar resistive switching properties were fabricated using IGZO as the switching layer. The ReRAMs were found to exhibit much improved resistive switching uniformity and endurance characteristics when the oxygen plasma treatment (OPT) was applied to the Al bottom electrode. Two structures with different top electrodes, namely, Al/IGZO/Al and Ag/IGZO/Al, are compared. The memory windows reached 10 5 within 100 endurance cycles. Such a switching ratio is orders of magnitude higher than that of the previously reported IGZO-ReRAMs [25] [26] [27] , [38] [39] [40] . Furthermore, the memory window of our ReRAMs remains nearly constant during a retention test of 10 5 s. The conduction and switching mechanism were also analyzed by examining different possible models.
II. EXPERIMENT
The schematic of the fabricated ReRAMs is shown in the inset of Fig. 1(a) . The process sequence is as follows. A 100-nm Al layer was deposited on a SiO 2 /Si substrate by thermal evaporation to form the bottom electrode. The deposited Al electrode was subjected to an OPT for different times (0-30 min) at a power of 18 W to study the influence on the ReRAMs performance. A 30-nm IGZO film (In:Ga:Zn = 1:1:1) was then deposited onto the Al bottom electrode by radio frequency (RF) sputtering at room temperature. The mixed ambient (Ar:O 2 = 18:3 sccm) pressure during sputtering was 3.58 mTorr, and the RF power was 90 W. Finally, a 100-nm-thick Al or Ag top electrode was deposited using thermal evaporation. The structures were patterned by photolithography methods, and the device active area is 50 × 50 μm 2 . The electric characteristics were measured using Agilent B2900. During tests, the bias voltage was applied to the top electrode, whilst the bottom electrode was grounded. The topography and surface roughness of the Al bottom electrode before and after the OPT was measured using atomic force microscopy (AFM). Fig. 1(a) shows the forming processes of Al top ReRAMs with different OPT times. The initial state of the Al top devices was all high-resistance state (HRS). When a positive bias voltage applied to the top electrode reached a threshold, the device switched from HRS to low-resistance state (LRS) drastically. A compliance current (I CC ) of 10 mA was set during the forming process, which prevented the devices from unrecoverable breakdown. After the forming process, HRS and LRS could be achieved in turn under bipolar sweep voltages. HRS, LRS, and the memory window of the Al top devices were studied as a function of the OPT time in Fig. 1 
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(b).
With the increasing treatment time, currents of HRS and LRS (measured at 0.1 V) gradually decreased from 85.3 μA and 9.2 mA to 12.4 μA and 6.7 mA, respectively, and the memory window increased by about two orders of magnitude. After 20-min OPT, HRS and LRS no longer improved further and the memory window was kept at 5.4 × 10 4 . Therefore, we chose 20 min as the optimum treatment time. After the OPT, the aluminum surface was oxidized to Al 2 O 3 , which increased the resistance of devices and greatly modified the initial HRS [4] .
The endurance characteristic is critical for ReRAMs. Fig. 2 (a)-(d) shows the typical bipolar resistance switching characteristics of Al top and Ag top devices after forming processes, respectively. Under positive voltages, the ReRAMs abruptly switched from HRS to LRS, which is defined as the set process. The set voltage is as usual smaller than the forming voltage. The reset process was observed when the resistance was switched from LRS to HRS in the negative voltage region, and hence, a nonvolatile bipolar resistive switching was achieved. Fig. 2 shows a pronounced performance contrast between ReRAMs with and without the OPT. The devices with the OPT exhibit not only much higher ON/OFF ratios but also excellent endurance where the resistance switching behavior can be repeated for more than 100 cycles without obvious degradation. However, the devices without the OPT showed abnormal cycling curves during the endurance test of 50 cycles, as shown in Fig. 2(a) and (c). After 50-cycles test, the devices were degraded (not shown here). The distribution of set voltages for devices with the OPT was also much narrower than that of nonoxygen-plasma-treatment devices. The insets in Fig. 2 show the detailed evolution of LRS and HRS for devices with and without the OPT in repeated cycles. The ReRAMs with the OPT showed a seven times larger memory window than devices without the OPT. The variation of HRS and LRS during the cycling was much smaller for devices with the OPT, and the memory window maintained consistently at 10 4 and 10 5 for the Al top and Ag top devices, respectively.
The physical property and smoothness of the electrodes are known to play an important role in improving the performances of ReRAMs [41] . Fig. 3(a) and (b) shows the AFM images of the Al bottom electrodes before and after the OPT, respectively. The OPT enabled the root-mean-square (rms) surface roughness to decrease from 3.78 to 2.41 nm. Molina et al. [41] found that devices with low surface roughness on the bottom electrode showed a higher number of resistance switching cycles. It was also reported that ReRAMs with superior surface morphology show a better ON/OFF current ratio [42] . The performance of the devices may benefit from the diminution roughness of the Al bottom electrode by improving electric fields for breakdown during resistance switching sweeps [41] . Furthermore, a thin but dense layer of Al 2 O 3 is expected to form on the aluminum electrode surface after the OPT [43] . It was found that an Al 2 O 3 buffer layer played an important role to improve the resistance ratios in ZnO-ReRAMs [44] and the endurance characteristics of Ta 5 Si 3 -ReRAMs [45] .
To better analyze the performance of ReRAMs, Fig. 4 Table I , where μ is the mean value of set voltage (V set ) or reset voltage (V reset ), and σ is the standard deviation. As given in Table I , V reset is smaller than V set for both types of devices. This is expected because the reset process occurs at a higher current and the Joule heating may facilitate the rupture of filaments [40] . It can be found that after the OPT, the distribution of V set is decreased for both types of devices. For Al top devices, σ decreased from 0.8 to 0.4 V, and for Ag top devices, σ decreased from 0.7 to 0.5 V. The distribution of V set is wide for devices without the OPT, suggesting that the formation of filaments randomly occurred because of the irregular surface of the bottom electrodes. During the reset process, the breakage of filaments usually occurs inside the resistance switching layer and is less associated with the bottom electrode surface [46] . Therefore, σ values of V reset are about the same for both types of ReRAMs as given in Table I . The retention performance of our IGZO-ReRAMs without and with the OPT at room temperature is illustrated in Fig. 5 . The ON and OFF currents remained nearly constant for all devices during a retention test up to 10 5 s, and the information storage in our devices could be maintained for a much longer time (10 years) according to the trend of data shown by the dashed lines in Fig. 5 . This confirms the nonvolatile characteristics of our devices. In Table II , the key parameters of our devices are compared with those of the previously reported IGZO-ReRAMs devices. Most of IGZO-ReRAMs and our devices showed bipolar switching type, which means the set and reset processes occur at different voltage polarities. Unipolar type means that the switching direction does not depend on the voltage polarity. The switching type usually depends on the electrodes and fabrication process [47] . ON/OFF ratios >10 are required in sensing amplifiers [46] . While for previous reports, the ON/OFF ratios of IGZO-ReRAMs were mostly between 10 and 10 2 . Table II shows ON/OFF ratios of 10 4 , 10 5 in our IGZO-ReRAMs, which are high enough to enable multilevel memory applications [27] . Our devices also showed high endurance and durability characteristics as compared with the previous works. The uniformity of our devices with the OPT was also tested. The forming processes of 25 devices for both Al and Ag top electrode cases are shown in Fig. 6(a) . Excellent uniformity was clearly achieved. The forming voltage differs by 1.8% and 2.4%, respectively. The initial resistance of the Ag top ReRAMs was larger than that of the Al top devices, which may be caused by the different metal work functions. Fig. 6 (e) and (f) shows schematic energy band diagrams of the Al top and Ag top structures, respectively. The work function values of Ag, Al, and IGZO were ∼4.52, ∼4.06, and ∼4.36 eV, respectively [48] . Thus, the metal/semiconductor contacts of Ag/IGZO and Al/IGZO are Schottky and Ohmic types, respectively. It is difficult for carriers to cross the Schottky barrier between Ag and IGZO, which leads to a lower current.
To study the vertical carrier transport mechanism, we fit the I -V curves with different models, including Ohmic, Schottky emission, Poole-Frenkel (P-F) emission, trap-assisted tunneling and space charge-limited current (SCLC). These mechanisms are generally observed in ReRAMs [49] . The SCLC in the Child's square law region can be expressed as where J is the current density, ε s is the semiconductor permittivity, μ is the drift mobility, V is the bias voltage, and d is the semiconductor thickness [49] . For the Schottky emission, the I -V characteristic is as follows:
where T is the absolute temperature, k is the Boltzmann constant, q is the electron charge, a is a constant, and φ B is the barrier height [49] . Fig. 6 (b) and (c) shows double-logarithmic I -V plots of the Al top and Ag top devices, respectively. The dotted lines are the experimented results, and the solid lines are the fittings. Based on the fittings, a few conclusions can be drawn. For the Al top devices, a typical SCLC model fits well in the HRS region, which consists of three portions [49] . In the low bias voltage regime, the thermally generated carriers played the leading roles. The current follows Ohmic behavior with a slope of ∼1, as shown in Fig. 6(b) . The Child's law region (I ∝ V 2 ) with a slope of ∼2 is known as the trap-unfilled SCLC region. By increasing the applied bias voltage, more carriers deep entered the IGZO resistance switching layer. The traps within the resistance switching layer were filled with the carriers, leading to the steep current increase region. For the Ag top devices, Fig. 6(d) shows a good linear fitting of the HRS region by Schottky emission according to (2) , which agrees with the model in Fig. 6(c) . Other conduction models do not provide such a good agreement, indicating that the Schottky emission should be the vertical transport mechanism for the Ag top devices in the HRS. As for the LRS, the linear fittings showed that the I -V relationships comply with the Ohmic conduction behavior with a slope of ∼1 for both the structure devices, which usually suggesting the formation of conductive filaments in the ReRAMs [5] .
To understand the pronounced improvement of the OPT on Al bottom electrode, schematics based on the filament formation and rupture are illustrated in Fig. 7 . The thin Al 2 O 3 layer is shown on the Al bottom electrode. For the Al top ReRAMs in Fig. 7(a) , the Al top electrode would attract oxygen ions from the IGZO layer under a positive bias voltage. Meanwhile, oxygen vacancies can accumulate near the bottom electrode, and a conductive filament is gradually formed to connect the top and bottom electrodes. For the Ag top ReRAMs in Fig. 7(b) , when a positive bias voltage is applied to the top electrode, Ag can oxidize to Ag + (Ag → Ag + + e − ) by the mobile oxygen from weakly bonded oxygen defects [25] . The mobile Ag + cations can pass through the IGZO layer and move to the bottom electrode because of the small radius and the high mobility of ions [5] . The reduction reaction of the Ag + cations (Ag + + e − → Ag) then occurs when the electrons pass through the cathode [18] . The successive formation of the Ag atoms at the bottom electrode results in a growth of the Ag filament. Meanwhile, the oxygen ions are attracted to the top electrode, following the formation of the oxygen vacancy filament in the IGZO layer [25] . Moreover, the Ag filament formed close to the bottom electrode may contribute to a stronger electric field at the filament tip. The oxygen vacancy filament is easy to form and connect with the tip of the Ag filament, which may lead to the smaller forming voltage for the Ag top devices, as shown in Fig. 6(a) . During the reset process, the oxygen ions can be released from the top electrode under the negative bias voltage. These ions may move back to the IGZO film and neutralize oxygen vacancies, leading to a breakage of the filaments and hence the HRS [35] .
The ReRAMs with the OPT were also examined with different active areas to verify the filament model. Fig. 8 shows the relationship of the HRS and LRS currents with various active device sizes. The currents of the HRS were in direct proportion to the active areas for the two structures (clearer in linear scale, not shown here), as expected with Ohm's law. On the contrary, the LRS currents only showed a slight dependence on the active area, as expected with filamentary conduction. The finding suggests that the memory window may be further improved by scaling.
IV. CONCLUSION
In summary, IGZO-ReRAMs are demonstrated with excellent bipolar resistance switching characteristics. We found that a suitable OPT can reduce the surface roughness of the Al bottom electrode and generate an Al 2 O 3 buffer layer, which improves the ReRAM performance significantly. Importantly, a memory window up to 10 5 remains quite stable in 100 endurance cycles and for a retention time of 10 5 s. The conduction mechanism of the two device structures with different top electrodes has been analyzed by fitting with different models. The formation and interrupt of conductive filaments are proposed to lead to the memory effect. Since IGZO has already been adopted in the display industry for TFTs, the addition of IGZO-based high-performance nonvolatile ReRAMs could enable more functional oxide-based circuits for a range of applications such as wearable electrons and smart labels.
